We tested the hypothesis that cell invasiveness and tumorigenesis are driven by hypomethylation of genes involved in tumor progression. Highly invasive human prostate cancer cells PC-3 were treated with either the methyl donor S-adenosylmethionine (SAM) or methyl DNA-binding domain protein 2 antisense oligonucleotide (MBD2-AS). Both treatments resulted in a dose-and time-dependent inhibition of key genes, such as urokinase-type plasminogen activator (uPA), matrix metalloproteinase-2 (MMP-2), and vascular endothelial growth factor expression to decrease tumor cell invasion in vitro. No change in the levels of expression of genes already known to be methylated in late-stage prostate cancer cells, such as glutathione S-transferase P1 and androgen receptor, was seen. Inoculation of PC-3 cells pretreated with SAM and MBD2-AS into the flank of male BALB/c nu/nu mice resulted in the development of tumors of significantly smaller volume compared with animals inoculated with PC-3 cells treated with vehicle alone or MBD2 scrambled oligonucleotide. Immunohistochemical analysis of tumors showed the ability of SAM and MBD2-AS to significantly decrease tumoral uPA and MMP-2 expression along with levels of angiogenesis and survival pathway signaling molecules. Bisulfite sequencing analysis of tumoral genomic DNA showed that inhibition of both uPA and MMP-2 expression was due to methylation of their 5 ¶ regulatory region. These studies support the hypothesis that DNA hypomethylation controls the activation of multiple tumor-promoting genes and provide valuable insight into developing novel therapeutic strategies against this common disease, which target the demethylation machinery.
Introduction
Prostate cancer remains one of the most commonly diagnosed cancers in men and is a leading cause of cancer deaths (1) . It starts as an androgen-dependent, noninvasive disease, which can easily be treated at this early stage with surgery and hormone therapy (2) (3) (4) . However, if left undetected or untreated, prostate cancer eventually develops into a more aggressive, hormone-independent, highly invasive disease (5) . Despite recent advances in the treatment options available for prostate cancer, little progress has been made in either curing or blocking the progression of latestage, highly invasive prostate cancer resulting in high morbidity and mortality rates. The high rate of morbidity and mortality is due to the ability of prostate cancer cells to metastasize to several distant organs in the body, including the skeleton (5-7). In general, metastasis to distant organs involves four major steps (8) : adhesion of tumor cells to the extracellular matrix (ECM), ability of tumoral cells to degrade the ECM and intravasate into surrounding blood vessels, survival against the natural host defenses and settling at the preferred organ site, and extravasation into the organ and formation of new tumors. This is facilitated by the ability of highly advanced prostate cancer cells along with the surrounding stroma to produce several growth factors and proteases that have the ability to inhibit the apoptotic machinery, increase tumor cell proliferation, and cause an increase in new blood vessel formation (neovascularization). Some of the key growth factors and proteases secreted by prostate cancer cells include vascular endothelial growth factor (VEGF; refs. 9, 10), matrix metalloproteinases (MMP; refs. [11] [12] [13] , and urokinase-type plasminogen activator (uPA; refs. [14] [15] [16] .
The epigenome, particularly the modifications of cytosines in CpG dinucleotides, has been gaining great attention as an anticancer target (17) (18) (19) (20) (21) . A main modification associated with the cytosine rings at CpG dinucleotides is methylation (22) . One of the hallmarks of cancer is abnormal methylation patterns (23) with malignancies generally governed by widespread DNA hypomethylation of tumor-promoting genes along with site-specific DNA hypermethylation of tumor suppressor genes (23, 24) .
A key feature of late-stage prostate cancer is the down-regulation of tumor suppressor genes and up-regulation of tumor-promoting genes. Whereas hypermethylation of tumor suppressor genes, such as glutathione S-transferase P1 (GSTP1), has attracted great attention, very little attention has been paid to hypomethylation of tumor-promoting genes, which is often observed in late-stage cancers. Two of the main proteases, which have been shown to be up-regulated in late-stage prostate cancer, are uPA and MMP-2 (11, 16) . uPA, has been shown previously to be abundantly expressed by late-stage prostate cancer cells (PC-3) with complete absence of uPA expression in normal prostate epithelial cells (PrEC) and early-stage prostate cancer cells (LnCAP). This differential expression is due to demethylation of the uPA promoter and indeed can be up-regulated in LnCAP cells by the use of demethylating agents, such as 5 ¶-azadeoxycytidine (5-azaC; ref. 25) . Because metastasis involves the coordinate activation of several genes, inhibition of metastasis should require coordinate inhibition of these genes. We hypothesized that if hypomethylation is a common mechanism for activation of tumor-promoting genes, then demethylation inhibitors would suppress this group of genes leading to reduced growth and invasive capacity of cells.
In the current study, we have investigated two approaches to inhibit active demethylation in human prostate cancer cells. S-adenosylmethionine (SAM), a methyl donor of DNA methylation reactions, has been shown previously to inhibit replicationindependent active demethylation and cause hypermethylation (26, 27) . SAM treatment was shown previously to cause hypermethylation of uPA in breast cancer cells (28) . We also showed that knockdown of methyl DNA-binding domain protein 2 (MBD2) could reverse the hypomethylated state of uPA and silence it in breast cancer cells (28) . Increased MBD2 mRNA expression is observed in late-stage PC-3 cells in comparison with the levels of MBD2 mRNA expression in early-stage LnCAP cells (29) . Recently, MBD2 has been implicated in tumorigenesis but was not required for the growth of normal cells (30) (31) (32) (33) . In this study, we determined whether SAM treatment and MBD2 knockdown would silence several prometastatic genes in prostate cancer. The therapeutic implications of our data will then be discussed.
Materials and Methods
Cell line and reagents. All cells lines were obtained from the American Type Culture Collection (Manassas, VA) and maintained in RPMI 1640 with 10% fetal bovine serum, 2 mmol/L L-glutamine, and 100 units/mL penicillin/streptomycin sulfate (Invitrogen, Burlington, Ontario, Canada). Treatment with SAM (New England Biolabs, Mississauga, Ontario, Canada) was done by direct addition to regular growth medium under sterile conditions for different times, with medium being changed every other day.
For growth curve analyses, PC-3 cells were seeded in triplicates at an initial density of 50 Â 10 3 per well in six well plates (Falcon Plastics, Oxnard, CA). The cells were treated either with vehicle alone as control or SAM. At the end of each day, cells were trypsinized, resuspended, and counted using a model Z-1 Coulter counter (Coulter Electronics, Bedfordshire, United Kingdom).
Antisense oligonucleotides. MBD2 antisense oligonucleotide (MBD2-AS) and MBD2 scrambled oligonucleotide (MBD2-SCR) sequences are 5 ¶-TCAACAGTATTTCCCAGGTA-3 ¶ and 5 ¶-ATGGACCCTTTATGACAACT-3 ¶, respectively, and were characterized previously in vitro and in vivo (28, 33) . The oligonucleotides were synthesized and purified by Biognostik (Gottingen, Germany). Transfection was done using 5 AL/mL polyfectamine reagent (Qiagen, Mississauga, Ontario, Canada) at different concentrations for different time points.
Northern blot analysis and reverse transcription-PCR. Trizol (Invitrogen) was used to extract total cellular and tumoral RNA according to the manufacturer's instructions. For Northern blot analysis, 20 Ag RNA was electrophoresed on a 1.1% agarose-formaldehyde gel and then transferred onto a Nylon membrane (Amersham Biosciences, Baie d'Urfe, Quebec, Canada). The membranes were then hybridized with 32 P-labeled cDNA encoding uPA, MBD2, or 18S overnight at 65jC, washed, exposed at À80jC, and then developed. The levels of mRNA expression were quantified using densitometric analyses (Scion Corp., Frederick, MD). For reverse transcription-PCR (RT-PCR) analyses, 2 Ag RNA was used. The primers used to amplify the genes of interest are shown in Table 1 . The PCRs were carried out using standard protocols and the final PCR products were electrophoresed on a 1.1% agarose gel.
Matrigel chamber invasion assay. The invasive capacity of control and experimental PC-3 cells was determined using two compartments: Boyden chambers (Transwell Costar, Cambridge, MA) and basement membrane Matrigel (BD Biosciences, Mississauga, Ontario, Canada). All cells were analyzed for their viability and an equal number of viable cells (50 Â 10 3 ) was added to the upper chamber and allowed to invade through the Matrigel onto the filters for 18 hours. At the end of the incubation period, the filters were washed, fixed, and stained and the number of cells were counted. Ten random fields for each set of experiments were analyzed and the average number of cells invaded was calculated.
uPA ELISA assay. uPA levels secreted into the medium from control and experimental PC-3 cells were analyzed using IMUBIND uPA ELISA test kit (American Diagnostica, Stamford, CT). Briefly, cells were cultured in the presence of vehicle, SAM, MBD2-AS, or MBD2-SCR. At the end of the incubation period, medium was collected and the ELISA assay was done according to the manufacturer's instructions. Additionally, the number of cells was counted at the end of the incubation period and used for normalization purposes.
Western blot analysis. To examine the levels of MBD2 in control and experimental PC-3 cells, total nuclear extracts were isolated and analyzed on a SDS-polyacrylamide gel and transferred onto a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Mississauga, Ontario, Canada). Immunoblotting was done using standard protocols using a rabbit polyclonal MBD2 antibody. The specificity of the antibody was tested by incubating a second membrane with the anti-MBD2 antibody following preabsorption with recombinant MBD2 protein. The lack of signal following preabsorption indicates the specificity of the antibody to MBD2.
Animal protocols. For in vivo studies, PC-3 cells were treated with either vehicle alone or with 500 Amol/L SAM for 6 days or were transfected with MBD2-AS or MBD2-SCR for 3 days. At the end of the treatment period, cells were harvested and the cell pellets were washed with sterile saline solution and then spun down and resuspended in 20% Matrigel-saline solution. Cells (2 Â 10 6 ) were then inoculated s.c. into male BALB/c nu/nu mice (National Cancer Institute-Fredrick, Frederick, MD). Tumors were measured at weekly intervals for up to 10 weeks and tumor volume was At the end of the study, animals were sacrificed and their primary tumors were removed for further analysis.
DNA extraction and bisulfite modification and sequencing. Tumoral genomic DNA was extracted using the DNeasy tissue kit (Qiagen) according to the manufacturer's instructions and subjected to sodium bisulfite modification as described previously (34) . A nested PCR was done to amplify the indicated region of the uPA and MMP-2 promoters. The following uPA primers were outer, forward 5 ¶-GTAAGGGGGTTGAGGTA-3 ¶ and reverse 5 ¶-ATAACCAAACTCCCCAACTA-3 ¶ and nested, forward 5 ¶-TTTAGGTAAGTTGGGGTTTAG-3 ¶ and reverse 5 ¶-TCTCTCTCCTC-TATAAACTC-3 ¶. The following MMP-2 primers were outer, forward 5 ¶-TTGTGGTTGATTATTTGTTTTTG-3 ¶ and reverse 5 ¶-TCCTAA-CAATCCCTTTATATATT-3 ¶ and nested, forward 5 ¶-GATTTTAGGGAGTG-TAGGG-3 ¶ and reverse 5 ¶-CAACCTCCAACCACC-3 ¶. The PCR conditions used were as follows: initial denaturation at 95jC for 10 minutes, 95jC for 1 minute, 51jC for 2.5 minutes, and 72jC for 1 minute with a final extension at 72jC for 5 minutes. The final PCR products were electrophoresed on a 2% agarose gel. The expected bands were excised and purified using the QIAquick Gel Extraction kit (Qiagen) and then TA cloned using the pGEMVector Easy System (Promega, Nepean, Ontario, Canada) and sequenced.
Histologic analysis. Tumors removed from sacrificed animals were paraffin embedded and subjected to immunohistochemical analysis. Staining for uPA (American Diagnostica), MMP-2 (Cell Signaling Technology, Inc., Beverly, MA), CD31 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and phosphorylated Akt (pAkt; Cell Signaling Technology) was carried out by using the avidin-biotin peroxidase complex method as described previously (35) . Sections were treated with the primary antibodies at 1:50 dilution overnight at 4jC. Biotinylated secondary antibody (Vector Laboratories, Inc., Burlingame, CA) was used for 30 minutes at room temperature. The slides were developed and intensity of immunostaining quantified using BioQuant image analysis software version 6.50.10 (BioQuant Image Analysis Corp., Nashville, TN).
Statistical analysis. All results are represented as the mean F SE of at least triplicate experimentation. Statistical analysis was carried out using either Student's t test, ANOVA, or regression analysis. P < 0.05 was considered to be significant.
Results
SAM down-regulates uPA and MBD2 expression in PC-3 cells. PC-3 cells were treated with different doses of SAM for various times. Total cellular RNA was collected and analyzed for the expression of uPA and MBD2 mRNA levels. Our data indicate that increasing concentrations of SAM significantly reduced the expression of both uPA and MBD2 mRNA levels with maximal reduction observed with 500 Amol/L SAM (Fig. 1A) . This reduction in both uPA and MBD2 mRNA levels was time dependent with maximal effect achieved after 6 days of treatment (data not shown). Similar effects were not observed with S ¶-adenosylhomocysteine (SAH), the inactive analogue of SAM (Fig. 1A) . The reduction of uPA mRNA was accompanied by a dose-dependent reduction in the levels of uPA protein secreted into the culture medium by treated cells as analyzed by ELISA (Fig. 1B) . Furthermore, Western blot analysis revealed that SAM treatment caused a significant reduction in the levels of MBD2 protein (Fig. 2B) .
To determine whether SAM treatment might have an effect on PC-3 cell growth, cellular growth patterns were examined by carrying out a growth curve analysis. The highest concentration of SAM (500 Amol/L) significantly reduced the doubling time of treated PC-3 cells compared with control PC-3 cells treated with vehicle alone (data not shown).
Determination of the effect of uPA mRNA and protein reduction on the invasive capacity of PC-3 cells was carried out using a Matrigel Boyden chamber invasion assay as described in Materials and Methods. SAM treatment caused a dose-and time-dependent reduction in the number of viable cells that were able to invade through Matrigel (Fig. 1C) . Our data do not reflect differences in viability of SAM-treated and untreated cells because an equal Figure 1 . Effect of SAM on uPA levels and invasive capacity of PC-3 cells. Human PC-3 cells were treated with different doses of SAM or SAH for up to 6 days (A ). At the end of incubation, total cellular RNA was collected and analyzed for the levels of uPA and MBD2 mRNA levels by Northern blot analysis as described in Materials and Methods. Further evaluation of the effect of SAM on uPA protein levels was carried out by carrying out an ELISA assay on conditioned medium collected for PC-3 cells treated with 500 Amol/L SAM for 6 days (B ). The invasive capacity of PC-3 cells treated with different doses of SAM for different durations (C ) was determined by determining the ability of control and treated cells to invade through Matrigel using a Matrigel Boyden chamber invasion assay as described in Materials and Methods. To establish that SAM treatment is effective in other cells lines that express uPA, two other human prostate cancer cell lines (DU-145 and PC-3M; D ) were treated with 500 Amol/L SAM for 6 days. At the end of treatment, total cellular RNA was extracted and analyzed for the expression of uPA by RT-PCR. Columns, mean of three different experiments; bars, SE. *, P < 0.05, significant difference from control.
number of viable cells for control and SAM-treated samples were used for these experiments.
To establish whether the effect of SAM is restricted to PC-3 cells or whether it has similar effects on other invasive human prostate cancer cell lines, DU-145 and PC-3M cells were treated with 500 Amol/L SAM for up to 6 days and analyzed for the expression of uPA mRNA by RT-PCR analysis. Treatment of these two cell lines resulted in a significant reduction in the levels of uPA mRNA (Fig. 1D) , indicating that SAM treatment silences uPA in several prostate cancer cells.
MBD2 knockdown in PC-3 cells silences uPA. PC-3 cells were treated with different doses of MBD2-AS or MBD2-SCR for different times as described in Materials and Methods. We first showed that this treatment resulted in MBD2 knockdown. Northern blot analysis indicated that whereas transfection of MBD2-AS resulted in a significant dose-and time-dependent reduction in the levels of MBD2 mRNA levels ( Fig. 2A) , no such reduction was seen with the MBD2-SCR (data not shown). The maximal reduction in MBD2 mRNA levels was seen at 72 hours using 200 nmol/L MBD2-AS ( Fig. 2A) . This reduction in MBD2 mRNA levels also translated to a reduction in MBD2 protein levels as determined by Western blot analysis (Fig. 2B) .
Northern blot analysis was carried out to determine the resulting effect of inhibiting MBD2 mRNA and protein levels on the levels of uPA mRNA levels. A time-and dose-dependent inhibition in uPA mRNA levels was observed, which was correlated with the time-and dose-dependent knockdown in MBD2 levels ( Fig. 2A) . The dose-dependent inhibition in uPA mRNA following transfection of 200 nmol/L MBD2-AS resulted in a similar dose-dependent inhibition in secreted uPA protein levels as analyzed by ELISA (Fig. 2C) . As expected, the dose-and time-dependent reduction in uPA levels caused a dose-and time-dependent decrease in the invasive capacity of PC-3 cells to invade through Matrigel as analyzed by Boyden chamber invasion assay (Fig. 2D) . MBD2-SCR transfection had no significant effect at reducing the invasive capacity of PC-3 cells (data not shown). These studies show that MBD2 plays an important role both in the expression of uPA and in maintaining the invasive capacity of PC-3 cells.
Effect of SAM treatment and MBD2 knockdown on gene expression. To determine whether SAM treatment and MBD2 knockdown is restricted to uPA or whether it would affect other tumor-promoting genes, we measured the effect of these treatments on two other genes shown to be involved in prostate cancer progression (MMP-2 and VEGF) using RT-PCR. Whereas control PC-3 cells as well as MBD2-SCR-treated cells expressed abundant levels of both MMP-2 and VEGF mRNA, SAM treatment and MBD2 knockdown resulted in significant reduction in the levels of mRNA expression of these genes (Fig. 3A) .
Because methylation is a mechanism of gene inactivation, a possible concern with hypermethylation therapy is that it would result in further silencing of tumor suppressor genes, such as GSTP1, or activation of tumor-promoting genes, such as androgen receptor (AR). MBD2, on the other hand, was shown previously to bind and silence methylated tumor suppressor genes, such as GSTP1, and knockdown of MBD2 might result in reactivation of tumor suppressor genes. We therefore analyzed the effect of SAM treatment and MBD2 knockdown on methylatable tumor suppressor genes by RT-PCR. Our analysis shows that whereas expression of AR is silenced in PC-3 cells compared with LnCAP cells, SAM treatment or MBD2 knockdown did not result in the reexpression of AR (Fig. 3B) . Furthermore, whereas PC-3 cells express GSTP1, a tumor suppressor gene that is partially methylated in late-stage prostate cancer, SAM treatment or MBD2 knockdown did not result in a change in the levels of expression of GSTP1 (Fig. 3B) .
SAM and MBD2-AS inhibit PC-3 tumor growth in vivo. To evaluate whether the in vitro effects of SAM treatment and MBD2-AS transfection on PC-3 invasive capacity would result in the inhibition of tumor growth in vivo, male BALB/c nu/nu mice were Figure 2 . Effect of MBD2-AS on uPA levels and the invasive capacity of PC-3 cells. Human PC-3 cells with transfected with different doses of antisense oligonucleotides against MBD2 for different times (A). At the end of each time point, total cellular RNA was collected and analyzed for the levels of uPA and MBD2 mRNA levels by Northern blot analysis as described in Materials and Methods. Further evaluation of the effect of MBD2-AS on the levels of MBD2 protein was carried out by Western blot analysis on nuclear extracts from control or transfected PC-3 cells (B). The effect of SAM (500 Amol/L for 6 days) on MBD2 protein levels was also determined (B ). The effect of antisense oligonucleotides on the levels of secreted uPA was determined by carrying out an ELISA assay on conditioned medium collected from control and MBD2-AS (200 nmol/L)-transfected cells (C). The invasive capacity of PC-3 cells transfected with different doses of antisense oligonucleotides against MBD2 for different times (D ) was determined by analyzing the ability of control and transfected cells to invade through Matrigel using a Boyden chamber invasion assay as described in Materials and Methods. Columns, mean of three different experiments; bars, SE. *, P < 0.05, significant difference from control. (Fig. 4) .
SAM and MBD2 knockdown inhibit tumoral angiogenesis and proteases. Tumors were evaluated for the degree of angiogenesis by carrying out immunohistochemical analysis for the levels of CD31 as described in Materials and Methods. Whereas control and MBD2-SCR tumors exhibited a high degree of angiogenesis as seen by the intensity and density of positive CD31 staining, SAM-treated and MBD2-AS tumors exhibited a significantly lower degree of angiogenesis as seen by a marked decrease in both the intensity and the density of positive CD31 staining (Fig. 4B) . Furthermore, tumors were also analyzed for the levels of pAkt, the active form of Akt, which is a key intracellular signaling molecule known to be modulated by several key tumorigenic pathways. Intense positive staining was observed in tumors extracted from animals inoculated with control vehicletreated and MBD2-SCR-transfected PC-3 cells (Fig. 4B) . In contrast, a significant reduction in the intensity of positive pAkt staining was observed in both tumors developing from SAM-treated and MBD2-AS-transfected PC-3 cells (Fig. 4B) .
Further analysis was carried out to evaluate whether the silencing of MMP-2 and uPA seen in vitro by SAM treatment and MBD2-AS transfection would be stably maintained in tumors developing from experimental cells. Total cellular RNA was extracted from tumors and analyzed for the levels of MMP-2 and uPA mRNA expression by RT-PCR analysis (Fig. 5A) . Evaluation of the levels of MMP-2 and uPA protein expression was also carried out by immunohistochemical analysis of control and experimental tumors. Tumors developing from control vehicle-treated cells and MBD2-SCR-transfected cells expressed abundant levels of MMP-2 and uPA mRNA and protein (Fig. 5A and B) . In contrast, tumors extracted from animals inoculated with either SAM-treated cells or MBD2-AS-transfected cells expressed significantly lower levels of these genes (Fig. 5A and B) . The results obtained suggest that the silencing of key tumor-promoting genes achieved in vitro by SAM and MBD2-AS is maintained in vivo. This stable silencing, which follows a transient exposure to either SAM or MBD2 AS, is consistent with the hypothesis that these treatments might result in stable methylation-specific alterations that stably reprogrammed these genes.
Effect of SAM or MBD2-AS knockdown on uPA and MMP-2 gene methylation. We then determined the state of methylation of uPA and MMP-2 in tumoral DNA derived from either MBD2-AS, SAM-treated cells, or the control cells. The genomic DNA was subjected to sodium bisulfite modification and the 5 ¶ regulatory regions of the uPA and MMP-2 genes were amplified and analyzed for their methylation patterns. Whereas these genes in tumors excised from animals inoculated with either control or MBD2-SCRtransfected cells were completely unmethylated in the region of interest, tumors excised from animals inoculated with SAM-treated or MBD2-AS-transfected PC-3 cells displayed greater degree of methylation of both uPA and MMP-2 5 ¶ regulatory regions (Fig. 6 ). This suggests that transient treatment of PC-3 cells with either SAM or MBD2-AS resulted in long-term effects on the methylation state of these genes in tumors derived from these cells in vivo. This observation has interesting implications on the potential utilization of these hypermethylating agents in cancer therapy.
Discussion
Abnormal DNA methylation patterns normally observed in cancer cells are the global hypomethylation of the genome accompanied by regional hypermethylation (23, 24) . Aberrant regional hypermethylation tend to localize to CpG islands of tumor suppressor genes leading to their transcriptional inactivation. It has been proposed that the transcriptional silencing of tumor suppressor genes through DNA methylation plays a key role in the transformation of a normal cell to a malignant phenotype (36) . Therefore, great attention has been focused on the silencing of tumor suppressor genes in cancer with particular attention paid to reactivation and transcription induction of these tumor suppressor genes through reversal of the hypermethylation modification. Although studies have shown that demethylating agents, through induction of tumor suppressor gene expression, can decrease tumorigenesis (37-39), they have also been shown to induce or further increase the expression of tumor-promoting genes, particularly genes associated with metastasis (40) .
Global genomic hypomethylation is also a common feature often observed in cancerous cells. Mechanisms proposed by which hypomethylation can bring about tumorigenesis include predisposition to genetic instability, especially during early stages of tumor progression, which could result in further genetic changes (41) . Recent data suggested that several genes, which are expressed in highly metastatic cells but not in nonmetastatic cells and are involved in metastasis, are regulated by DNA methylation and activated by the demethylating drug 5-azaC. Because the transition of a cell from a nonmetastatic to a metastatic state involves the activation of several genes, such as proteases and growth factors, we proposed that the global hypomethylation activity present in cancer cells is required for coordinate activation of several genes. We tested here this hypothesis by treating highly invasive PC-3 prostate cancer cells with the universal methyl donor SAM and by knockdown of MBD2. We have shown previously that both these treatments could lead to hypermethylation of one prometastatic gene uPA (28) . We therefore hypothesized that this treatment would result in silencing other genes involved in prostate cancer progression.
The results obtained show that both SAM and MBD2 knockdown treatment can indeed result in inhibition of several tumorpromoting genes, such as uPA, MMP-2, and VEGF, which resulted in inhibition of tumor cell invasion in vitro and tumor growth in vivo. These results are consistent with the hypothesis that hypermethylation therapy might be a possible approach to latestage prostate cancer. One interesting observation that might have therapeutic implications is that although the treatment with SAM and MBD2 knockdown was transient, the silencing of metastatic genes and methylation of MMP-2 and uPA was maintained in the tumoral DNA for several weeks (Fig. 5B ). This suggests that the hypermethylation therapy results in stable epigenetic reprogramming of these genes, which is then maintained in the absence of any hypermethylating agent.
An important concern with using hypermethylation therapy is that it might result in methylation and silencing of tumor suppressor genes and thus leads to tumor promotion. One possible consideration, which might tone down the potential unwanted effects of hypermethylation therapy is that in advanced prostate cancer, several genes, including AR, and the majority of tumor suppressor genes, such as GSTP1, are already either methylated or partially methylated. We addressed the question of whether either SAM or MBD2 knockdown treatment would result in a change in the levels of expression of these genes. Our results show that no change has occurred in the level of expression of these genes following our treatment, which support the hypothesis that SAM and MBD2 do not target all genes equally and that even a tumor suppressor gene, such as GSTP1, with a propensity to become methylated in prostate cancer cells escapes their effect. . At the end of the study, tumors were excised and subjected to immunohistochemical analyses to determine the levels of angiogenesis by analyzing the levels of CD31 expression (A) or the levels of pAkt expression (B ). The intensity of positive staining was determined using computational analyses as described in Materials and Methods. Six animals were present in each group and three sections were analyzed for each animal. At least 10 random fields of observation were analyzed. Representative microphotograph for three experiments in each group. Magnification, Â200. Columns, mean of three different experiments; bars, SE. *, P < 0.05, significant difference from control.
Although SAM and MBD2 knockdown have obviously different mechanisms of action and act on the DNA methylation machinery at different sites, the consequences on gene expression of prometastatic genes, invasibility, tumorigenicity, and DNA methylation seem to be similar, suggesting a common mechanism. The decreased expression of uPA and MMP-2 by SAM and MBD2 knockdown treatment could be indirect, by SAM and MBD2 modulating the activity of proteins regulating MMP-2 and uPA. However, analysis of the uPA gene following SAM treatment showed increased methylation at CpG islands, indicating that establishing the methylation pattern of the uPA gene after SAM treatment is at least partially involved in causing transcriptional repression of uPA. Consistent with a methylation-dependent mechanism is the time course of silencing. The full effect of SAM in methylating and decreasing uPA expression was observed only after a prolonged treatment period (6 days). If the predicted mechanism of SAM action is inhibition of demethylation, silencing would require de novo methylation by de novo methyltransferases. Because de novo methylation in somatic cells could be a slow and inefficient process, the time course might reflect the inefficient de novo methylation process. Further evidence implicating the de novo methylation machinery as a potential mechanism of SAM treatment is the persistence of the inhibitory effect of SAM on uPA, MMP-2, and CD31 (angiogenesis marker) seen in tumoral expression after 10 weeks without any further in vivo treatment. These effects were shown to be in part due to the maintained increased methylation patterns observed in the uPA and MMP-2 promoter in tumoral genomic DNA.
Whereas studies have implicated MBD2 as a transcriptional repressor, which acts by binding to methylated DNA and recruiting transcriptional repressors (42) , other studies have implicated MBD2 as a transcriptional activator that induces gene expression (43, 44) . Furthermore, studies have shown that MBD2 is required for tumorigenesis and that a deficiency in MBD2 suppresses tumorigenesis. Thus, our hypothesis was that inhibition of MBD2 expression, by the use of antisense oligonucleotides, would result in increased methylation and transcriptional inhibition of key tumor-promoting genes. Indeed, the results obtained in this study showed that knockdown of MBD2 resulted in decreased expression of tumor-promoting genes, including uPA, MMP-2, and VEGF. Similar to the effects of SAM, MBD2 knockdown had no effect on reactivating AR or further inhibiting GSTP1 expression in PC-3 cells as would be predicted if indeed MBD2 silenced these methylated tumor suppressor genes. The lack of change in expression of GSTP1 following MBD2 knockdown suggests that MBD2 might not be involved in silencing of this gene in PC-3 cells.
The results obtained from our studies suggest that inhibiting the hypomethylation machinery could prove to be a novel therapeutic target for combating late-stage prostate cancer. Whereas inhibitors of DNA methylation target tumor suppressor genes are inactivated during early tumorigenesis, inhibitors of the hypomethylation machinery target metastasis-promoting genes that are activated and expressed during late-stage carcinogenesis. Our results indicate that whereas inhibition of the hypomethylation machinery causes decreased expression of metastasis-promoting genes, no changes in the levels of expression of tumor suppressor genes were observed. Thus, the use of inhibitors of the hypomethylation machinery in late-stage prostate cancer should not lead to further tumor growth through inhibition of tumor suppressor genes but rather to decreased tumorigenesis and decreased metastatic potential through At the end of the study, tumors were excised and tumoral RNA was extracted and subjected to RT-PCR analyses as described in Materials and Methods to determine the levels of tumoral uPA and MMP-2 mRNA levels (A ). Alternatively, excised tumors were subjected to immunohistochemical analyses to determine the levels of tumoral uPA and MMP-2 protein levels (B ). The intensity of positive staining was determined using computational analyses as described in Materials and Methods. Six animals were present in each group and three sections were analyzed for each animal. At least 10 random fields of observation were analyzed. Representative microphotograph for three experiments in each group. Magnification, Â200.
inhibition of genes involved in the metastatic process. Further studies are warranted to determine the effect of SAM and MBD2 knockdown on the development of skeletal metastases, a common complication seen in patients with late-stage prostate cancer, which will have a marked effect on prostate cancer morbidity and mortality. 
